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Previewsin the spleen (day 3; liver not analyzed)
(Shiloh et al., 1999). Upon stimulation
with cytokines (IL-1b, IL-6, TNF, and
IFN-g) or IFN-gplusLPS,bothKupffer cells
and hepatocytes produced high amounts
of NO in vitro, especially when they were
derived from L. monocytogenes-infected
mice, and exhibited strong antilisterial
activity (in a primary infection situation),
which, however, was NOS2 independent
(Bogdan, 1997). After intravenous infection
of mice, L. monocytogenes is initially trap-
ped by Kupffer cells in the liver (primary
infection), but then rapidlyenters intohepa-
tocytes (secondary infection). According to
themodel ofColeet al., the latterprocess is
catalyzed byNO. In the spleen, in contrast,
there is no parenchymal correlate to the
hepatocytes, so that the entire early infec-
tion process will be restricted to resident
macrophages (primary infection situation)
and inhibition of NOS2 remains withoutconsequences. Alternatively, the differ-
ence between liver and spleenmight result
from a strikingly lower expression of NOS2
in the latter organ.
In the past, counterprotective activities
of NO were largely assigned to the
tissue-damaging and/or immunosup-
pressive effects of high amounts of NO
(Bogdan, 2011). The present study is
interesting with respect to a more direct
impact of NO on pathogen spreading by
attenuating the maturation of secondary
vacuoles. Thus, even 20 years after the
cloning of NOS2, the small inorganic
molecule NO still has to offer surprises.REFERENCES
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The immunologically silent clearance of apoptotic cells is crucial for maintaining self-tolerance. In this issue
of Immunity, Uderhardt et al. (2012) reveal a mechanism by which lipid oxidation by tissue resident macro-
phages could inhibit the engulfment of apoptotic cells by inflammatory monocytes.The death of aged and superfluous cells
and the subsequent engulfment of the
corpses are vital for maintaining tissue
homeostasis and immunological self-
tolerance in multicellular organisms.
Uncleared apoptotic cells can elicit auto-
immunity due to loss of membrane
integrity, resulting in the release of self-
antigens in immunogenic forms. A link
between failed clearance and autoimmu-
nity has been established for diseases
such as systemic lupus erythematosus
(SLE) via studies in human patients and
in mouse models (Mun˜oz et al., 2010;
Nagata et al., 2010).Dying cells are shed or are engulfed
by either neighboring cells or CD11b+
Ly6C resident macrophages (Geiss-
mann et al., 2010; Mosser and Edwards,
2008). Engulfment of uninfected apo-
ptotic cells is usually nonimmunogenic
and does not lead to activation of the
adaptive immune response (Green et al.,
2009). During infection or tissue inflam-
mation, infiltrating CD11b+Ly6C+ inflam-
matory monocytes differentiate into
macrophages and dendritic cells, engulf
extracellular pathogens and/or infected
cells, process foreign-antigen, and have
the potential to drive adaptive antigen-specific T lymphocyte responses (Geiss-
mann et al., 2010). However, engulfment
of apoptotic cells by inflammatory phago-
cytes can also present self-antigen to au-
toreactive T lymphocytes, leading to
a break in self-tolerance (Green et al.,
2009). Our current knowledge of how the
immune system discriminates between
the immunologically silent clearance of
self and the immunogenic clearance of
nonself has primarily focused on the dying
cells and the signals they initiate within the
phagocyte. In this issue of Immunity,
Uderhardt et al. (2012) reveal a potential
mechanism of maintaining self-tolerance36, May 25, 2012 ª2012 Elsevier Inc. 699
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Previewswherein the expression of the enzyme 12/
15-lipoxygenase (12/15-LO) in CD11b+
Ly6C resident peritoneal macrophages
regulates the engulfment of apoptotic
cells by CD11b+Ly6c+ inflammatory
phagocytes.
Lipoxygenases are enzymes that
oxygenate polyunsaturated fatty acids,
and their products are diverse both in
number and function. 12/15-LO is the
mouse ortholog of the human 15-lipoxy-
genase and is expressed in specific
macrophage subsets including tissue
resident macrophages (Uderhardt et al.,
2012). Interestingly, some studies have
suggested 12/15-LO to be a factor that
promotes insulin resistance, atheroscle-
rosis, Alzheimer’s disease, various forms
of chronic inflammation, and renal
disease (Dobrian et al., 2011). However,
in other studies, 12/15-LO positively regu-
lates the clearance of apoptotic cells,
resolves inflammation, and stimulates
tissue repair via lipid mediators such as
lipoxin A4 (Godson et al., 2000; Uderhardt
et al., 2012). Using thioglycollate-induced
peritonitis as a model of inflammation in
this study, Uderhardt et al. measured the
uptake of apoptotic cells during perito-
nitis. The peritoneal exudates from wild-
type mice indicated that apoptotic
cells were exclusively cleared by F4/80+
Ly6C12/15-LO+ resident macrophages,
despite the fact that F4/80+Ly6C+12/
15-LO inflammatory monocytes were
the predominant cell type present in
the exudate. Intriguingly, inflammatory
monocytes from the 12/15-LO-deficient
(Alox15/) mice readily engulfed
apoptotic cells. This suggested to the
authors that the expression of 12/15-LO
by the resident peritoneal macrophages,
perhaps in a paracrine fashion, inhibits
the engulfment of apoptotic targets by
inflammatory monocytes (Uderhardt
et al., 2012).
Uderhardt et al. further demonstrated
that 12/15-LO mediated the oxygenation
of phosphatidylethanolamine (PE) in
wild-type resident peritoneal macro-
phages and that resident macrophages
increased production of oxidized PE
(oxPE) species during later peritonitis,
coinciding with the resolution of inflam-
mation. Intraperitoneal injection of oxPE
in Alox15/ mice effectively inhibited
the engulfment of apoptotic cells by
inflammatory monocytes, reversing the
Alox15/ phenotype; importantly, non-700 Immunity 36, May 25, 2012 ª2012 Elsevioxygenated PE had no effect on engulf-
ment under these conditions. These data
suggest that 12/15-LO-mediated inhibi-
tion of engulfment occurs through
oxidized PE products, and targets engulf-
ment of apoptotic cells by inflammatory
monocytes. Furthermore, oxPE had no
effect on inflammatory monocyte engulf-
ment of latex beads, bacteria, mannosy-
lated albumin or dextran particles,
indicating that phagocytosis in general is
not inhibited. Also, adding oxPE at various
concentrations to resident peritoneal
macrophages had no effect on their ability
to engulf apoptotic cells. These findings
suggested that the modulation of engulf-
ment by 12/15-LO is specific for the
phagocyte type and the nature of the
target the particular phagocytes engulf.
How can oxPE target engulfment by
one type of phagocyte (inflammatory
monocytes) but spare the other (resident
macrophages)? Phagocytes recognize
‘‘eat me’’ signals on the surface of dying
cells via engulfment receptors that bind
apoptotic targets or via soluble bridging
molecules that link apoptotic cells with
receptors on the phagocytes (Green
et al., 2009; Nagata et al., 2010). Depend-
ing on the tissue milieu, phagocytic cell
types differentially express the numerous
receptors and bridging molecules for
recognition of dying cells. Uderhardt
et al. showed that resident peritoneal
macrophages and inflammatory mono-
cytes differed in their expression of the
phosphatidylserine (PS) receptor TIM-4
and the bridging molecule, milk fat
globule E8 (MFG-E8). The resident perito-
neal macrophages expressed TIM-4 and
very little MFG-E8, whereas the inflamma-
tory monocytes expressed MFG-E8 and
very little TIM-4, respectively. The
bridging molecule MFG-E8 binds the
‘‘eat me’’ signal PS on apoptotic cells,
whereas another part of MFG-E8 (via an
RGD motif) binds to the integrin avb3 on
phagocytes (Nagata et al., 2010). Uder-
hardt et al. have presented data that
addition of liposomes containing oxPE
outcompeted PS for binding to MFG-E8,
suggesting a model whereby the oxPE
produced by resident macrophages
might ‘‘sequester’’ the MFG-E8 needed
for engulfment by inflammatory mono-
cytes. Consistent with this possibility,
adding recombinant MFG-E8 to perito-
nitis exudates along with increasing
concentrations of oxPE increased theer Inc.engulfment of apoptotic cells, suggesting
that the effect of oxPE is throughMFG-E8.
Oxidized PE is known to translocate to the
outer leaflet of the plasma membrane,
and Uderhardt et al. showed that MFG-
E8 strongly bound to wild-type resident
peritoneal macrophages. Unfortunately
we do not have evidence in this report
that MFG-E8 directly binds oxPE,
although MFG-E8 did not bind Alox15/
resident peritoneal macrophages. Putting
these data together, Uderhardt et al.
suggest that expression of 12/15-LO by
resident macrophages leads to oxidation
of PE and translocation of oxPE to the
outer leaflet of the plasma membrane of
resident macrophages, whereby it se-
questers soluble MFG-E8. Because
inflammatory monocytes require MFG-
E8 for their detection of apoptotic cells
(Hanayama et al., 2004), resident macro-
phages effectively inhibit engulfment
by sequestering the mode of target
recognition by inflammatory monocytes
(Figure 1).
What does 12/15-LO activity by resi-
dent peritoneal macrophages mean in
the context of self-tolerance? To measure
activation of auto-reactive T lymphocytes
in the 12/15-LO deficient mice, Uderhardt
et al. incubated apoptotic cells from oval-
bumin (OVA)-transgenic mice with perito-
nitis exudates from wild-type and
Alox15/mice. Then they added labeled
OT-II T lymphocytes and determined their
response by measuring proliferation.
Although the OT-II T lymphocytes added
to exudates from wild-type mice did not
respond, the OT-II T lymphocytes added
to exudates from Alox15/ mice re-
sponded to apoptotic cell-derived OVA.
Adding oxPE to the Alox15/ peritonitis
exudates at the same time as adding
OVA-transgenic apoptotic cells blocked
this response, further supporting a role
for 12/15-LO-derived oxPE in tolerance
during peritonitis. Modifying their OT-II
system to determine responses in the in-
flamed peritoneum in vivo, they detected
an OVA-specific T lymphocyte response
in the draining lymph nodes and
spleen in Alox15/ mice but not in
wild-type mice. Although the OT-II is a
model system, this still suggests the
possibility of a break in self-tolerance in
the absence of 12/15-LO. Uderhardt
et al. also took two additional ap-
proaches: first, aged but otherwise unal-
tered Alox15/ mice showed increased
Figure 1. Sorting Apoptotic Cells for Clearance
Resident macrophages express the PS engulfment receptor Tim-4, which provides them recognition of
apoptotic cells. MFG-E8 is the bridging molecule linking the phosphatidylserine (PS) exposed on
apoptotic cells to integrin receptors on the surface of phagocytes. Inflammatory monocytes require
MFG-E8 for recognition of apoptotic cells. Resident macrophages express 12/15-LO, allowing oxidation
of phosphatidylethanolamine (oxPE). Resident macrophages are enriched with oxidized PE species, and
this oxPE appears to sequester MFG-E8 and thereby interfere with the MFG-E8 dependent recognition of
PS by inflammatory monocytes.
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Previewsamounts of anti-nuclear autoantibodies
and spontaneous glomerulonephritis
with deposits of complement within their
glomeruli; second, by using the pristine-
induced model of murine lupus, the
authors showed that Alox15/ mice re-
vealed exacerbated features of the
disease compared to wild-type litter-
mates. Thus, mice deficient in 12/15-LO
appear more susceptible to a break in
self-tolerance and autoimmune SLE
manifestations. Whether this is directly
due to misregulated engulfment of
apoptotic cells by inflammatory mono-
cytes remains to be resolved, given that
12/15-LO also has other roles ascribed
in resolving inflammation.
In summary, the work by Uderhardt
et al. suggests a mechanism by which
the tissue resident macrophages, via
expression of the lipoxygenase 12/15-
LO, can inhibit the engulfment of apo-
ptotic cells by inflammatory phagocytesand in turn regulate immune tolerance to
apoptotic cell-derived antigens. They
suggest that the oxidized PE products of
12/15-LO can prevent autoimmunity via
sequestration of MFG-E8 and thereby
regulate which phagocytic type engulfs
apoptotic cells within the inflammatory
environment. Interestingly, MFG-E8-defi-
cient female mice also develop an age-
dependent SLE phenotype, similar to the
Alox15/ mice (Hanayama et al., 2004;
Nagata et al., 2010). This apparent contra-
diction demonstrates further nuances to
the phagocyte, the nature of molecules
used in apoptotic cell uptake, and the
tissue context. It should be noted that
the autoimmune phenotype detected in
the global Mfge8/ mice might have
overshadowed its role as a risk factor for
autoimmunity during peritonitis. This
work by Uderhardt et al. also reveals the
unique properties of oxidized lipids versus
their nonoxidized counterparts. There areImmunitydistinct differences in oxidized versus
native PS on the apoptotic cells in facili-
tating their uptake by phagocytes.
Previous studies have also suggested
that oxidized lipids can regulate macro-
phage subtypes and their responses
(Kadl et al., 2010). This current work by
Uderhardt et al. highlights the importance
of lipid products in regulating cell clear-
ance and how oxPE could help ‘‘wiPE’’
out inflammation and maintain immune
tolerance.REFERENCES
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